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The neuropeptide pigment-dispersing factor (PDF) is
a crucial component of the insect circadian clock, but
the identity of its receptor has long remained a mystery.
In this issue of Neuron, three papers (Hyun et al., Lear
et al., and Mertens et al.) identify the PDF receptor.
Animal circadian clocks employ neuropeptides as sig-
naling molecules. These peptides operate within the
brain master clock to enforce and synchronize the oscil-
lations of individual clock neurons and to transfer circa-
dian signals to downstream neurons in different brain
areas. In mammals, the vasoactive-intestinal polypep-
tide (VIP) mediates the synchrony of individual clock
neurons and is essential for normal behavioral rhythmic-
ity (Aton et al., 2005). A similar role has been proposed
for PDF in insects (Peng et al., 2003; Lin et al., 2004;
Schneider and Stengl, 2005). PDF is the insect homolog
of the crab pigment-dispersing hormone (PDH). Hom-
berg et al. (1991) first suggested the involvement of
PDF in the insect circadian clock after immunocyto-
chemically tracing PDH to the putative master clocks
of cockroaches and crickets. The localization of PDF in
a subset of clock neurons in Drosophila melanogaster
(Helfrich-Fo¨rster, 1995) and the cloning of the pdf gene
(Park and Hall, 1998) finally opened the door for genetic
manipulations of this neuropeptide that revealed its role
in circadian rhythms (Renn et al., 1999).
In Drosophila, PDF is secreted in a circadian manner
in the dorsal brain, where ectopic expression of PDF
disrupts behavioral rhythms (Park et al., 2000; Helfrich-
Fo¨rster et al., 2000). Interestingly, a loss-of-function
PDF mutation and ectopic PDF cause both increases
in arhythmicity and altered periods. Flies with elevated
PDF levels had long periods (Helfrich-Fo¨rster et al.,
2000), whereas flies lacking PDF exhibited short periods
(Renn et al., 1999). These results suggest that PDF feeds
back on the clock neurons themselves.
But what can we tell about the signaling pathway of
PDF without knowing its receptor? Very little! Further
analysis of PDF function requires the identification of
its receptor. In this issue of Neuron, three groups, using
independent approaches, have converged on a class II
peptide G protein-coupled receptor, CG13758, as en-
coding the PDF receptor.
Taghert and colleagues came to this identification
through a candidate approach. Prior results pointed to
one of the 44 GPCRs identified in the Drosophila ge-
nome (see references in Mertens et al. [2005]), all of
which encode an extracellular peptide binding N termi-
nus, seven membrane domains, and a G protein binding
cytoplasmatic domain. Taghert and coworkers decided
to systematically screen the 32 best candidates for sen-
sitivity to PDF. After testing 26 candidates in an in vitro-
based mammalian cell assay (HEK293), they identified
a receptor encoded by CG13758 that displayed strong
sensitivity to PDF and showed no or weak sensitivityto 24 other candidate peptides (Mertens et al., 2005).
CG13758 belongs to the B1 subfamily GPCRs (classical
hormone receptors). All members of this subfamily have
been shown to regulate cyclic AMP (cAMP) by coupling
to adenylate cyclase through the stimulatory G protein
(Gs). Indeed, PDF increased cAMP levels in HEK293
cells transfected with CG13758 (Mertens et al., 2005).
Sequence homology analysis places CG13758 close to
the mammalian VIP receptor (VPAC2) and to the calcito-
nin receptor, both of which are expressed in the mam-
malian master clock. In fact, vertebrate calcitonin could
also activate CG13758, albeit to a lesser degree than
PDF (Mertens et al., 2005).
After pharmacologically characterizing CG13758,
Mertens et al. (2005) determined the expression pattern
of the receptor by immunocytochemistry. They found
CG13758 in a subset of the clock neurons as well as in
cell bodies in the lateral and dorsal protocerebrum and
the subesophageal ganglion (Figure 1), areas that have
been described previously to harbor the relay areas be-
tween the fly’s master clock and rhythmic behavior.
Moreover, CG13758-containing fibers were found in
close vicinity to PDF-containing fibers in several brain
areas. All these results identify CG13758 as a PDF re-
ceptor and suggest that PDF functions both within and
downstream of the neural network of clock neurons.
Do mutations in CG13758 disrupt PDF-dependent be-
havior? Mertens et al. (2005) employed a P element-
mediated mutagenesis that resulted in two mutants
with deletions of 30 UTR that mimicked to some extent
the phenotype of thepdf01mutants in respect to reduced
behavioral rhythmicity and a severe negative geotaxis.
Kim and colleagues arrived at the identification of this
receptor through a screen aimed at identifying genes in-
volved in temperature sensing. They conducted a large-
scale behavioral screen on about 27,000 independent
EP insertion lines and, in doing so, isolated a null mutant
in the PDF receptor (Hyun et al., 2005). In their screen,
Hyun et al. (2005) found a fly strain that preferred colder
temperatures during the night and that was conse-
quently named ‘‘han’’ (for ‘‘cold’’ in Korean). han turned
out to carry an EP element 8.5 kb upstream of the
CG13758 gene and to reduce CG13758 mRNA levels
strongly. Consequently, the investigators decided to
induce deletions in the CG13758 gene (by P element-
mediated mutagenesis of a second han line carrying
the P element downstream of CG13758). Two mutants
were isolated: the first (han5304) lacked all seven trans-
membrane domains and the C terminus, the second
(han3369) lacked the seventh transmembrane domain
and the C terminus. In both mutants, cold temperature
preference was gone, suggesting that CG13758 has
nothing to do with temperature sensing. The homology
of CG13758 with the mammalian VIP receptor VPAC2 led
Hyun et al. (2005) to test behavioral activity rhythms of
han mutants. Both mutants mimicked perfectly the be-
havioral phenotype of pdf01. Furthermore, han5304;pdf01
double mutants had exactly the same phenotype as the
single mutants, indicating that both mutants act in the
same pathway. The mutant phenotype was nearly
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clock neurons of the han5304 mutant. This indicates
that PDF signaling in the clock neurons is a vital element
of normal clock function.
Consistent with the findings of Mertens et al. (2005),
Hyun et al. (2005) localized the PDF receptor to sub-
groups of the clock neurons and to nonclock cells (Fig-
ure 1). However, Hyun et al. (2005) found more clock neu-
rons to express the PDF receptor than Mertens et al.
(2005) (Figure 1, see also below). Expression of the
PDF receptor and two other related receptors in a cell-
based assay (here Drosophila S2 cells) revealed selec-
tive binding of PDF to CG13758 and a subsequent raise
of intracellular cAMP (Hyun et al., 2005). These observa-
tions are highly consistent with the results of Mertens
et al. (2005).
A third group of investigators (Lear et al. 2005), while
searching for ion channel mutants that disrupt circadian
behaviour, came across an inversion allele of a known
potassium channel (ether-a-go-go). These mutant flies
showed the same aberrant behavior as pdf01 flies and
were thus named groom-of-PDF (gop). The behavioral
phenotype of gop;pdf01 double mutants was similar to
the single mutants. Sequencing of the CG13758 gene in
the mutant revealed a genomic insertion that disrupted
the sequence coding for the extracellular N-terminal
domain of the PDF receptor. Subsequently, Lear et al.
(2005) tested the effects of the gop mutation on clock
protein oscillations in the pacemaker neurons. They
found an advanced phase of the clock-protein oscilla-
tion that was reminiscent of that observed in pdf01 mu-
tants (Lin et al., 2004). By slowing down the pace of the
clock in the PDF neurons via genetic manipulations,
Lear et al. (2005) could delay the activity peak of behav-
ioral rhythmicity in wild-type flies, but they were unable
Figure 1. Clock Neurons in the Brain of Drosophila melanogaster in
Spatial Relation to Neurons Expressing the PDF Receptor
Clock neurons without PDF receptor are shown in gray; clock neu-
rons that express the PDF receptor according to both Mertens et al.
(2005) and Hyun et al. (2005) are shown in red; clock neurons that
were found to be PDF receptor-positive only by Hyun et al. (2005)
are shown in orange. The green cells are nonclock neurons ex-
pressing the PDF receptor. The arborizations of the PDF-positive
lateral neurons (s-LNv and l-LNv) are depicted in black. LNd, dorsal
lateral neurons; DN1, dorsal neurons 1; DN3, dorsal neurons 3.to do so in gop mutants. This result confirms that PDF is
an important signaling molecule of the clock and that
gop acts downstream of PDF signaling. In situ hybrid-
izations with CG13758 antisense mRNA revealed label-
ing in the dorsal brain close to the PDF terminals and the
dorsal clock neurons.
Altogether, the three papers provide compelling evi-
dence that CG13758 is the PDF receptor of Drosophila
melanogaster. The localization of the PDF receptor is
a crucial step toward understanding the action of PDF
as well as the network properties of the circadian clock.
Does PDF feed back directly or indirectly on the clock
neurons, or does it work mainly on neurons downstream
of the clock? The work of Mertens et al. (2005) and Hyun
et al. (2005) shows that the receptor is expressed on
a subset of clock neurons and on neurons outside the
master clock. The expression of the PDF receptor on
the clock neurons themselves confirms the hypothe-
sized feedback of PDF on the clock and is strongly rem-
iniscent of the situation in mammals. Here, VIP and its
receptor VCAP2 are prominently expressed in the mas-
ter clock and are both essential to maintain strong oscil-
lations in individual clock neurons (Aton et al., 2005).
Most interestingly, Hyun et al. (2005) could reestablish
almost-wild-type activity patterns in the PDF receptor
mutant han5304 by expressing the PDF receptor in all
clock neurons. This suggests that the primary role of
PDF may lie in enhancing and synchronizing individual
clock oscillations, as was suggested for VIP. Neverthe-
less, we can’t exclude an additional role of PDF in the
clock output pathway. The per-GAL4 driver used for
driving the pdf receptor in all clock neurons is also
known to be expressed in ectopic cells. Furthermore,
the PDF receptor was localized to several neurons that
were nonclock cells. Unlike Hyun et al. (2005), who
revealed the PDF receptor on the large PDF neurons
(l-LNv) and on six neurons belonging to the dorsal neu-
rons 1 (DN1), Mertens et al. (2005) found only two DN1
cells and three DN3 cells to coexpress the PDF receptor
(Figure 1). This discrepancy might be due to the different
antibodies used. Whereas Hyun et al. (2005) generated
an antiserum directed against the extracellular N-termi-
nal part of the receptor protein, Mertens et al. (2005)
made an antiserum against its cytoplasmic C-terminal
part. It is possible that the C terminus of the activated re-
ceptor protein is obscured by conformational changes
or G protein binding. This might reduce antibody access
and restrict the detection of the PDF receptor to cells
with rather high expression. On the other hand, at high
resolution, the data presented in Mertens et al. (2005) re-
veal lots of PDF receptor-immunoreactive dots outside
the somata of the large PDF neurons, probably stem-
ming from fibers of PDF receptor-expressing cells that
are not clock neurons. At lower resolution, the large
PDF neurons might easily be mistaken to be positive
for the PDF receptor. Future studies have to address
this item in more detail.
In sum, the three papers open a new chapter on under-
standing signaling pathways within and outside of circa-
dian clocks. While we know a lot about the molecular
mechanisms generating circadian oscillations in single
cells, relatively little is known about how individual clock
neurons interact to produce a coordinated rhythmic
output and to organize daily behavioral rhythms. The
duce glial-cell fates in the Drosophila embryonic central
nervous system (CNS): gcm is expressed very early in
nearly all developing CNS glia; loss of gcm function re-
sults in the complete transformation of presumptive glia
into neurons, and misexpression of gcm throughout the
embryonic CNS transforms most neurons into glia
(Jones et al., 1995; Hosoya et al., 1995; Vincent et al.,
1996). Based on these observations, Gcm was dub-
bed a ‘‘master regulator’’ of glial cell fate specification,
and activation of Gcm in embryonic neural cell types
was largely accepted as the key regulatory event that
promoted gliogenesis.
Subsequent work identified a second Drosophila
gene, glial cells missing 2 (gcm2), which is highly similar
to gcm. gcm2 is expressed early in embryonic glial
lineages, and misexpression of gcm2 throughout the
embryonic nervous system is sufficient to transform
many embryonic CNS neurons into glia (Kammerer
and Giangrande, 2001; Alfonso and Jones, 2002). How-
ever, gcm2 mutants exhibit only minor defects in em-
bryonic glial development (Alfonso and Jones, 2002), in-
dicating that while Gcm2 is sufficient to specify glia,
Gcm is the major regulatory molecule driving embryonic
glial-cell development.
Gcm also promotes the formation of peripheral ner-
vous system glia in the adult wing (Van De Bor et al.,
2000), and glial-specific genes that are known to be
transcriptionally activated by Gcm (e.g., Repo) are ex-
pressed in nearly all larval, pupal, and adult glial cells
assayed. It was therefore assumed that in most Dro-
sophila neural tissues Gcm activation would likely pro-
mote glial-cell fates (and probably suppress neuronal
differentiation), but an incisive analysis of the require-
ments for Gcm genes (Gcm/Gcm2) in the postembry-
onic CNS was lacking. A study appearing in this issue
of Neuron by Chotard et al. (2005) provides our first
detailed look into postembryonic Gcm/Gcm2 CNS func-
tion. Surprisingly, they find that Gcm/Gcm2 are required
in the CNS not only for glial development but also for the
development of neurons.
To explore the roles of Gcm/Gcm2 in postembryonic
CNS development, Chotard et al. focused on glial and
neuronal development in the lamina of the larval visual
system. Lamina glia are derived from progenitors lo-
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163present papers provide concrete data about a circuit be-
tween clock neurons that express PDF and those that
express the PDF receptor. These exciting findings are
a first crucial step in unraveling clock networks in gen-
eral. While PDF has no homolog in vertebrates, its recep-
tor is clearly related to certain mammalian receptors with
known roles in the circadian clock, suggesting conser-
vation in the network properties of the clock among ar-
thropods and vertebrates.
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The Glial cells missing transcription factor is neces-
sary and sufficient to induce glial-cell fates in the
Drosophila embryonic nervous system. A study by
Chotard et al. in this issue of Neuron reveals that
this ‘‘master regulator’’ of glial cell fate specification
is also required (gasp!) to generate neurons.
It’s very satisfying when developmental events are ex-
plained in simple molecular terms. Such appeared to
be the case for Drosophila glial cell fate specification.
In 1995, three groups identified the glial cells missing
(gcm) gene and showed that it encoded a novel type
of transcription factor necessary and sufficient to in-
cated in the larval central brain, termed glial precursor
cells. Lamina neurons are derived from optic lobe neu-
roblasts (NBs). NBs first give rise to lamina precursor
cells (LPCs), and LPCs divide once to produce postmi-
totic lamina neurons. Consistent with a role for Gcm/
Gcm2 in lamina glia cell fate specification, Chotard
et al. found strong expression of both Gcm and Gcm2
in developing lamina glial cells. Loss of either Gcm or
Gcm2 function had no apparent effect on lamina glia
development; however, simultaneously removing both
genes potently blocked glial cell fate specification.
These data indicate that, in contrast to the situation in
the embryonic CNS where Gcm is the primary glial-
promoting factor, Gcm and Gcm2 act redundantly in
the lamina to specify glial fates. Surprisingly, misex-
pression of Gcm or Gcm2 throughout the lamina was
not sufficient to induce ectopic glial fates. This is an-
other important distinction between the lamina and em-
bryonic nervous system, where misexpression of Gcm
or Gcm2 can broadly transform neurons into glia. Other
